Abstract. We analyze the complex turn-on behavior of semiconductor quantum-dot lasers which is determined by the nonlinearity of the carrier-carrier scattering rates. Our model consists of a combination between a microscopic approach used for calculating the non-radiative scattering rates and a rate equation model used for modeling the complex dynamic turnon behavior. We show that depending on the value of the optical confinement factor there are two different dynamic regimes which differ by the frequency of the relaxation oscillations. In the damped regime hole and electron dynamics in the dots decouple leading to the small cutoff frequency of these lasers. Quantum dot (QD) injection lasers, which are singled out by low threshold current, low bit-error rate, and large temperature stability, are an important optoelectronic application of self-organized QD structures. In previous works we have shown, that the nonlinear dynamic response of QD lasers can be quantitatively understood by including the strongly nonlinear character of electronelectron scattering processes [1, 3] . In the following we show that a decoupling of hole and electron dynamics in the dots leads to the experimentally found small cutoff frequency of these lasers.
Quantum dot (QD) injection lasers, which are singled out by low threshold current, low bit-error rate, and large temperature stability, are an important optoelectronic application of self-organized QD structures. In previous works we have shown, that the nonlinear dynamic response of QD lasers can be quantitatively understood by including the strongly nonlinear character of electronelectron scattering processes [1, 3] . In the following we show that a decoupling of hole and electron dynamics in the dots leads to the experimentally found small cutoff frequency of these lasers.
The numerical simulations presented here are based on the model given in Ref. [1] . In the QD laser system the electrons are first injected into a wetting layer (WL) before they are captured by the QDs. We consider a two-level system for electrons and holes in the QDs. The following nonlinear rate equations (1)-(3) for the charge carrier densities in the QDs n b with b = e/h, the carrier densities in the WL w b , and the photon density n ph determine the dynamics (e and h stands for electrons and holes, respectively).
Here R ind = WA(n e + n h − N QD ) n ph is the rate for the induced processes of absorption and emission, where N QD denotes the QD density, W is the Einstein coefficient, and A is the WL normalization area. The spontaneous emission in the QD is approximated by R sp = (W /N QD )n e n h . The WL spontaneous recombination rate is expressed byR sp = (W /N W L )w e w h with a WL effective density of cells N W L . Γ is the optical confinement factor and β the spontaneous emission coefficient. The coefficient κ expresses the total cavity loss. More details and parameter values are given in Ref. [1] . A crucial contribution to the dynamics of QD lasers is given by the non-radiative carrier-carrier scattering rates S in b , S out b and scattering times τ b = (S in b + S out b ) −1 . They are determined microscopically within the Boltzmann equation and within the orthogonalized plane wave approach [2] . The Coulomb interaction is considered up to the second order in the screened Coulomb potential. The calculated scattering rates depend strongly nonlinear upon the WL carrier densities w e and w h [3] . FIGURE 1. Turn-on process projected to the (n e , n h )-plane for two different confinement factors Γ and j = 2.5 j th .
As described in Ref. [1] different dynamics are possible within this model by changing the confinement factor Γ. There is an oscillatory regime with high relaxation oscillation (RO) frequency (high Γ) and a damped regime with low RO frequency and high damping as found in QD lasers (low Γ). The change is accompanied by a decoupling of electron and hole dynamics as seen in the phase portrait of Fig. 1 which shows the turn-on process at a pump current of j/ j th = 2.5 ( j th is the laser threshold) in the (n e , n h )-plane. For Γ = 0.0011 the trajectory deviates from a straight line and performs a spiral. This decoupling can also be seen in Fig.2 where the turnon process is projected to the (n b , n ph )-planes. The dynamics of the electron density in the QDs changes from clockwise rotation for Γ = 0.0011 to the more familiar anti-clockwise rotation in the (n e , n ph )-plane. The circles denote the steady state values for increasing pump current. For Γ = 0.0011 the value of n ss e decreases with j (instead of decreasing at Γ = 0.0015). However, the sum n ss e + n ss h = 2κ/(ΓWA) + N QD is always constant. To understand this behaviour we extracted the nullclines (NC) of the rate equation system (1)-(3) in the (w e , n e )-plane as shown in Eq. (4) and (5). depend on both w e and w h . In the damped regime the ratio w h /w e changes significantly with the pump current [1] so that both nullclines depend on the current. Figure 4 shows the NC for two different pump currents and Γ = 0.0011. The second NC shifts downwards to lower n e explaining the observed decrease in n ss e with j. It can be approximated by:
On the contrary, the fixed point for Γ = 0.0015 does not significantly vary with j which was already observed in the numerical simulations (see Fig.2c ) To sum up we conclude that the nonlinearity of the scattering rates and the incorporation of separate dynamics for holes and electrons in the device are crucial in order to explain the dynamics of a QD laser.
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